Introduction 41
Cells use multiple mechanisms to detect and respond to perturbations in replication. In 42 bacteria, the well-characterized RecA-dependent SOS response affects expression of many genes 43 after disruptions in replication elongation and DNA damage (13). Additionally, there are recA-44 independent mechanisms that affect gene expression in response to alterations in replication. A 45 significant part of the recA-independent response to perturbations in replication (replication 46 stress) appears to be mediated directly by DnaA (15) . 47
DnaA is widely conserved in bacteria and is best known as the replication initiator {reviewed 48 in (23, 33, 40) }. It binds to a 9 bp site that appears multiple times in the origin of replication in 49 bacterial chromosomes. Binding sites are also found upstream of many genes and throughout the 50 chromosome. At replication origins, DnaA mediates melting of DNA (open complex formation) 51 and helps to recruit proteins required for replication. DnaA is a member of the AAA+ family of 52
ATPases and the ATP-bound form (DnaA-ATP) is required for replication initiation (36) . 53
Newly synthesized DnaA is predominantly in the ATP-bound form and nucleotide hydrolysis 54 converts DnaA-ATP to the inactive DnaA-ADP after replication initiation. In E. coli, the levels 55 of DnaA-ATP and DnaA-ADP are linked to replication status and there can be high levels of 56 DnaA-ATP in cells that are unable to replicate (27) . 57
DnaA is also a transcription factor. DnaA activates or represses transcription of various 58 genes, including its own (1, 3, 26, 34, 39) . It is thought that, as is the case for replication 59 initiation, DnaA-ATP is the active form for transcriptional regulation {reviewed in (23, 37, 40)}, 60 and its ability to function as a transcription factor appears to increase when replication initiation 61 or elongation is inhibited (14, 15) . Thus, accumulation of DnaA-ATP during replication stress 62 may result in activation of the transcriptional regulatory activity of DnaA as well as its initiator 63 activity. 64
In Bacillus subtilis, DnaA appears to control expression of >50 genes in ~20 operons in 65 response to perturbations in replication (15) . Transcription of these operons changes in response 66 to inhibition of either replication elongation or replication initiation, independently of the well-67 characterized RecA-mediated SOS response. Furthermore, these operons contain putative DnaA 68 binding sites in their regulatory regions and DnaA appears to associate with at least six of these 69 in vivo based on results from chromatin immunoprecipitation (ChIP) or affinity purification 70 (ChAP-chip) experiments (15, 20) . Alterations in DnaA levels during exponential growth also 71 affect expression of several genes and a genome-wide analysis of DnaA binding to chromosomal 72 DNA demonstrated strong binding to eight intergenic regions, five of which appear to regulate 73 gene expression (20) . 74
In this study, we used ChIP-chip and ChIP-PCR to monitor binding of B. subtilis DnaA to 75 DNA in vivo during exponential growth and after inhibition of replication. We detected 76 association of DnaA with at least 17 chromosomal regions, 15 of which correspond to operons 77 whose expression responds to perturbations in DNA replication. Following inhibition of 78 replication elongation or initiation, DnaA binding increased significantly at 6 chromosomal 79 regions each of which contains at least 9 potential DnaA binding sites. We found that passage of 80 a replication fork through a regulatory region was not required for release of bound DnaA from 81 that region following the resumption of replication. Our results support the notion that DnaA 82 regulates a global response to perturbations in replication and indicate that alterations in DnaA 83 binding to target promoters contributes to the changes in gene expression following inhibition of 84 replication. 85
Materials and Methods 86

Media and growth conditions 87
For all experiments, cells were grown in S7 50 defined minimal medium (18, 21) with 0.1% 88 glutamate and supplemented with required amino acids (typically trp and phe). Glucose (1%) 89 was the carbon source except for strains bearing Pxyl-dnaN, for which arabinose (1%, together 90 with xylose at 0.1% as an inducer) was used. Cells were typically grown at 32°C and shifted to 91 47°C for temperature sensitive mutants. 92
Strains and alleles 93
Strains used in this study were the lab wild type, AG174 (trp, phe; a.k.a., JH642); KPL69 94 {dnaB134ts-zhb83::Tn917, trp, phe (29, 30, 38) dnaD23ts and dnaB134ts are temperature sensitive mutations that prevent initiation of 98 replication at nonpermissive temperature (7, 8, 10, 24, 30) . 99 dnaA is normally essential, but it can be deleted in strains capable of initiating chromosomal 100 replication from a heterologous origin (2, 19, 22, 32) . Therefore, in strain AIG200, the plasmid 101 origin of replication, oriN, along with the plasmid initiator gene repN, was integrated into the 102 chromosome at spoIIIJ, near oriC. This strain also contains a deletion-insertion that removes 103 oriC and the dnaA-dnaN operon, and inserts spc. dnaN, the essential gene encoding the ß-104 processivity clamp of DNA polymerase that is normally in an operon with dnaA, is expressed at 105 a heterologous locus from the xylose-inducible promoter Pxyl (Pxyl-dnaN) (2, 15) . 106
Chromatin immunoprecipitation 107
Chromatin immunoprecipitation of DNA bound to DnaA was done essentially as described 108 (15), with minor modifications. Briefly, protein and DNA were crosslinked with formaldehyde, 109 lysed and sheared with 1 mg/ml lysozyme and sonication, and immunoprecipitated with chicken 110 anti-DnaA primary antibodies, donkey anti-chicken secondary antibodies, and protein A-111 sepharose beads. Samples were washed and crosslinks reversed and DNA eluted followed by 112 further washing of the beads with 50 mM Tris pH 8, 10 mM EDTA, 0.8% SDS for 5 min at 113 37°C. The eluate and wash were combined, treated with proteinase K (0.1 mg/ml, 30 minutes, 114 37ºC), extracted with phenol-chloroform, precipitated with ethanol, and resuspended in 15 µl 115 ddH 2 O. Samples of total DNA were taken prior to incubation with primary antibodies and 116 treated with proteinase K (0.1 mg/ml, 30 minutes, 37ºC) in the presence of 0.8% SDS, then 117 subjected to crosslink reversal, phenol-chloroform extraction and ethanol precipitation in parallel 118 with the immunoprecipitates. There were at least 3 biological replicates for each experiment. 119
ChIP-PCR 120
For ChIP-PCR, samples were diluted (typically between 1:10 and 1:150) to give an 121 appropriate level of signal. PCRs were done for 28 cycles and products were run on 1.5% 122 agarose gels containing ethidium-bromide and analyzed and quantified with AlphaEaseFC 123 software v4.0 (Alpha Innotech). The locus yabM was used as a negative control site for 124 background reference. Enrichment at this locus was at background levels in ChIP-chip data (Fig.  125   1 
ChIP-chip 132
To generate sufficient signal in ChIP-chip experiments, we typically took samples of 100 ml 133 of mid-exponential phase culture (grown in S7 50 defined minimal medium). DNA samples were 134 prepared for microarray analysis by labeling samples of the resuspended immunoprecipitated 135 DNA or total DNA with aminoallyl-dUTP using 13 U Sequenase (USB Corp.) and 5 µg random 136 nonamer as primers. There was not an amplification step. The labeled samples were purified 137 and conjugated to Cy3 or Cy5. We used DNA microarrays containing PCR products 138 representing >95% of the open reading frames in the B. subtilis genome and nearly all of the 295 139 intergenic regions that are >364 bp in length, as described (4, 5, 16 (Figs. 1, 2) . The regions 181 include dnaA, sda, ywlC, yydA, and the intergenic regions between the 3' ends of gcp and ydiF, 182 and the 5' ends of ywcI and vpr. All six of these regions contained at least nine instances of the 183 DnaA box sequence (allowing one mismatch) clustered within a 500 bp region (Fig. 3) , and we 184 refer to these as "clustered" sites. Four of the regions with high binding (dnaA, sda, ywlC, yydA) In addition to the six strong DnaA binding regions identified above, the ChIP-chip data 212 indicated that there were other regions that were weakly and/or inconsistently enriched. 213
Comparison of ChIP-chip data from three conditions, exponentially growing cells, after 214 inhibition of replication initiation, and after inhibition of replication elongation, indicated that 215 only two additional regions had enrichment levels >2-fold (relative to both the genomic 216 background and the ChIP-chip data from the dnaA null mutant) under at least two of the three 217 conditions. One region, near yrhC, is in the middle of an operon and its transcription does not 218 appear to change in response to replication stress and is not analyzed further. The other, near 219 spo0J, does respond transcriptionally to replication stress (15) Using ChIP-PCR, we tested for DnaA binding at almost all of the operons previously 236 postulated to be regulated by DnaA in response to inhibition of replication (15) for which ChIP-237 chip results were negative. mRNA levels from these operons change in response to inhibition of 238 replication in a RecA-independent manner, and the regulatory regions have at least two matches 239 to the DnaA box consensus (allowing for one mismatch per box) within 500 bp of the start codon 240 of the first gene (15). We found that nine of the 14 loci tested had statistically significant 241 enrichment in the DnaA immunoprecipitates during replication and/or after inhibition of 242 replication elongation (Table 2 ). These regions include : citZ, lysC, yurY, yclN, dnaB, ypvA, 243 kdgR, and ykuN (Table 2) . Additionally, spo0J, which responds to perturbation of replicationstress but has only one DnaA box within 500 bp of the beginning of its operon (15), was found to 245 bind DnaA in the ChIP-chip experiments (Table 2 and In contrast to the chromosomal regions with clustered DnaA boxes that had significant 255 increases in DnaA binding after inhibition of replication, most of these regions (Table 2) did not 256 consistently show significant changes in levels of DnaA binding following treatment with 257 HPUra. However, given the uncertainty in the data, we cannot distinguish whether DnaA 258 binding is relatively constant regardless of replication status, or whether increases occur that are 259 not detectable with this approach. 260
The ChIP-PCR results for the dnaB and yurY regions differed from the ChIP-chip results. 261
Enrichment levels for these regions were approximately 20-fold in exponentially growing cells in 262 the ChIP-PCR experiments, but neither was found to be significantly enriched in the ChIP-chip 263 experiments; DnaA enrichment at dnaB was generally ~2-fold, but it was not statistically 264 significant due to variability, and no enrichment was detected at yurY. It is possible that these 265 loci had unusually large differences in sensitivity between the two techniques for reasons such as 266 the location of the probes relative to DnaA binding sites, as the ChIP-PCR primers targeted the 267 upstream region containing binding sites, and the array probes corresponded to ORFs. The 268 hybridization intensity for the dnaB spot on the microarrays was also below average and not of 269 high quality, perhaps contributing to the unreliability of the data. 270
Five of the 14 loci tested gave inconclusive results. They had enrichment levels at least 1.6-271 fold above background, but the levels were not statistically significant (Table 2) . 272
Rapid changes in DnaA binding upon resumption of replication 273
In E. coli, Hda is required for the regulatory inactivation of DnaA (RIDA) during replication 274 elongation {(23, 27) and references therein}. It is not known if RIDA activity is completely 275 distributive or requires passage of a replication fork through chromosomal regions bound by 276
DnaA-ATP. We suspected that the increases in DnaA binding and activity that occur when 277 replication is blocked in B. subtilis were likely to be reversible. We directly tested binding of 278
DnaA after resumption of replication and found that DnaA was released from DNA and that 279 release occurred in a distributive manner at all the regions tested before passage of a replication 280 fork through each region. 281
We monitored binding of DnaA to five regions with clusters of binding sites-dnaA, yydA, 282 ywlC, ywcI, and sda-using ChIP and quantitative PCR while replication was blocked and when 283 replication resumed. Samples were taken: 1) during exponential growth, 2) after inhibition of 284 replication initiation, and 3) at various times following release of the replication block during a 285 synchronized round of replication. If replication forks must interact with DnaA bound at the 286 various regions to facilitate release of DnaA, then DnaA binding should decrease at regions 287 closer to the replication origin before decreasing at distal regions. Alternatively, if DnaA bound 288 at these regions is able to exchange rapidly in response to the presence of active replication 289
forks, then DnaA binding should decline similarly at all regions, before the replication fork 290 reaches each region. 291
To block replication, we shifted exponentially growing dnaDts cells to the restrictive 292 temperature and waited for 60 minutes to allow most ongoing rounds of replication to finish. As 293 expected, enrichment of the five tested regions in the DnaA immunoprecipitates increased 60 294 min after inhibition of replication initiation (Fig. 4) . Replication was allowed to re-initiate from 295 oriC by shifting the dnaDts cells back to permissive temperature (32°C). By five minutes after 296 the temperature shift-down, binding of DnaA to the chromosomal regions had already decreased 297 by about 50% or more. After 15 min at permissive temperature, binding of DnaA at each region 298 was near its original level (Fig. 4) . The positions of replication forks were estimated based on 299 previous work with synchronized B. subtilis cultures (38). The rate of replication elongation is 300 ~0.5 kb/s or ~2.6°/min. A fully synchronous round of bidirectional replication initiating at oriC 301 (0°/360°) would result in fork positions at approximately 13° and 347° at 5 minutes, 39° and 302 321° at 15 minutes, and 104° and 256° at 40 minutes after replication initiation (Fig. 4, inset) . 303
However, cells do not actually initiate in a fully synchronous manner. Rather, initiation occurs 304 over a period of 5-10 min after release. Thus, in the cell population, replication forks are spread 305
over the approximately 15°-20° trailing the positions given above. 306
The similar behavior of these five sites irrespective of chromosomal location indicates that 307 direct interaction between the replication machinery and the DnaA-DNA nucleoprotein complex 308 at each site along the chromosome is not required to control the level of DnaA binding to DNA 309 at each region. Rather, it seems likely that DnaA can exchange rapidly in vivo and respond 310 globally to the presence of an active replication fork. 311
Discussion 313
We found that DnaA associates with multiple regions of chromosomal DNA in vivo and that 314 association at the regions that have clustered DnaA boxes increases in response to inhibition of 315 replication. We readily detected binding at the clustered regions, and most were detected 316 previously using ChIP-PCR (15) and . DnaA association with other regions was 317 more difficult to detect with the genomic approaches (ChIP-chip and ChAP-chip) but was 318 detected using ChIP-PCR. We did not detect significant changes in the level of DnaA 319 association with most of these regions in response to perturbations in replication. Clearly, the 320 current techniques are limited in their ability to detect many of the DnaA binding sites in vivo. Comparative DNA sequence analyses have been used to estimate the conservation, and hence 329 significance, of some of these sequences (9, 15, 20) . In addition, studies of physical association 330 of DnaA with chromosomal DNA revealed binding to several regions that contain multiple 331 potential binding sites (15, 20) . The set of DnaA-bound sites that we observed by ChIP-chip and 332
ChIP-PCR very clearly fell into two groups, distinguished on both a functional and sequence 333 level (Fig. 3) . 
Non-clustered DnaA binding sites 351
The other targets of DnaA that we analyzed have fewer potential binding sites, less than nine 352 in a 500-bp region (Fig. 3) . We focused on those regions upstream of genes whose expression 353 changes in response to replication stress (15). In most of these regions, there was little or no 354 detectable change in DnaA binding following inhibition of replication. Because the levels of 355 DnaA binding at these regions were generally low relative to the detection limit of the technique, 356 we cannot conclude that the level of DnaA binding did not change. A change of around 50% or 357 less would be very difficult to detect by ChIP because of the variability between replicates, but 358 potentially could cause a significant change in gene expression. If the amount of binding does 359 not actually change at these regions, then another mechanism must be involved in controlling the 360 genes downstream from these regulatory regions. For example, the nucleotide-bound state of 361
DnaA could change and affect gene expression perhaps via interactions with the transcriptional 362 machinery or alterations in the DNA. Alternatively, there could be other regulatory proteins 363 involved in expression of some of the target operons. 364
The 9-bp DnaA binding site consensus sequence is quite common when one mismatch is 365 allowed (11,983 occurrences in the genome), and thus there are many potential binding sites 366 throughout the B. subtilis genome. A 500 bp region has a 5.5% chance (Poisson statistics) of 367 containing at least four matches. In contrast, the chance of a cluster of sites with 9 or more 368 boxes in a 500 bp region is 0.0018%. Thus, throughout the genome, there are many collections 369 of potential binding sites that are similar in sequence and number to those in the lower part of 370 Figure 3 . Given the limited sensitivity of the ChAP-chip (20) and ChIP-chip data, it is likely that 371 some (perhaps many) of these sites are bound by DnaA in vivo. For many transcription factors, 372 degenerate binding sequences are more common than demonstrable regulatory activity (see, e.g., 373
(11, 17, 28)), and DnaA is no different. If these sites are in fact bound by DnaA and serve any 374 function, then it is possible that regulation of expression of nearby genes occurs under specific 375
conditions that have not been tested. Alternatively, these sites may play a more general role in 376 some aspect of DnaA function such as titrating the levels of DnaA available to bind sites in 377 regulatory regions that directly influence gene expression or replication. 378
Nucleotide binding and regulation of DnaA 379
DnaA is a member of the AAA+ family of ATPases (25) 9.5 (18.8) 8.8 ± 2.4 180 ± 130 (20.4) 4.8 ± 0.9 61.4 ± 1.9 (12.7) 6.4 ± 4.0 6.3 ± 3.4 (1.0) sda 1.7 ± 0.4 6.8 ± 1.0 (4.0) 2.2 ± 0.5 15.7 ± 4.2 (7.1) 2.0 ± 0.5 4.4 ± 0.1 (2.2) 1.3 ± 0.04 1.5 ± 0.4 (1.2) ywlC 2.3 ± 0.3 9.7 ± 0.8 (4.3) 3.4 ± 1.2 70.0 ± 3.1 (20.7) 2.8 ± 0.4 14.4 ± 5.9 (5.1) 1.7 ± 0.38 1.6 ± 0.1 (0.9) 521 1 Values presented are the mean (from three independent biological replicates) enrichments of 522 the indicated DNA regions (dnaA, sda, ywlC) measured by ChIP-PCR analysis ± the standard 523 error. Data are normalized to the yabM locus, which does not bind DnaA specifically ( Fig.1 and  524 data not shown). Values in parentheses are the fold-changes for the indicated pair. Strains used 525 were KPL69 (dnaBts), KPL73 (dnaDts), and AG174 (wt; ±HPUra). Cells were grown at 32°C 526 and treated with HPUra for 60 min. Temperature shifts were to 47° and samples were taken after 527 90 min at that temperature. 528 529 530 
